Several studies of the succession of plants following abandonment of farm land in the Piedmont of North Carolina have been made during the last fifteen years. Much of the emphasis in these studies has been placed on the arborescent stages involving pine as the original arborescent invader and its gradual replacement by climax oaks and hickories. Only two studies have dealt with details of the herbaceous stages of succession which almost always precede pine. Crafton & Wells (1934) discuss the early stages of succession based on general observations, quadrat studies of several communities on different types of soil, and on invasion of plants into spaded squares. Oosting (1942) gives quantitative data based on quadrat counts in fifteen fields of the first three years of abandonment, as well as extensive data on the arborescent stages of succession. There is general agreement, with only minor variations, on the sequence of dominating species in the early herbaceous stages of succession.
Crabgrass (Digitaria sanguinalis (L.) Scop.) usually is dominant in fields in the late summer and fall following cultivation. During the first year of abandonment of a field horseweed (Leptilon canadense L.) and crabgrass are almost always dominant; but horseweed, being a plant four to six feet tall, is the conspicuous species.
Occasionally ragweed (Ambrosia elatior L.) is present in large enough numbers to share dominance with horseweed and crabgrass. On badly eroded fields Diodia teres Walt. and Aristida dichotoma Michx. are often the dominant plants, at least locally. During the second year following abandonment, crabgrass and horseweed are still present, but the horseweed plants are only about six inches tall and are hardly noticeable among the fourto six-foot asters (Aster pilosus Willd.) that are usually dominant in such fields. On eroded secondyear fields, aster may be entirely absent, and some combination of ragweed, Diodia and Plantago aristata Michx. may be dominant. The third year following abandonment broomsedge (usually Andropogon virginicus L.) assumes dominance which it maintains until replaced by pine, the seedlings of which may appear among the broomsedge as early as the third year. Pines may be taller than the broomsedge by the fifth year, and form closed stands in ten to fifteen years.
Apparently the type of soil, if it is not eroded, has little influence on the sequence or duration of these early stages of succession, and most abandoned fields in the Piedmont of North Carolina are dominated in turn by crabgrass, horseweed, aster, broomsedge, and then the first aborescent plant, pine.
CAUSES OF SUCCESSION
Some work has been done dealing with the causes of old field succession in the Piedmont of North Carolina. Coile (1940) concluded that no changes in soil characteristics appear to be related in a causal manner to loblolly pine successicn; the invasion of pne into abandoned land is related to the coincidence of a good seed year and climatic conditions favorable to early development of seedlings. He says that the decline of pine dominance at the end of one generation is caused by the failure of pine seedlings to compete with established forest vegetation for soil moisture and nutrients because of differences in habit of root growth between pines and hardwoods. Oosting and Kramer (1946) found the available water at the margins of forests, where several species of pines become established, to be as low as within the stands where pine seedlings make little growth. They concluded that light is probably more significantly controlling than soil moisture in the establishment of pines under forest stands. Crafton & Wells (1943) suggest that one of the keys to the causes of early stages of old field succession lies in the water relations. They consider why crabgrass precedes broomsedge in succession, and conclude, from greenhouse experiments and field observations, that seedlings of crabgrass are more drought resistant than are those of broomsedge; consequently broomsedge does not become dominant until tall weeds form a protective covering for its seedlings. They also suggest that the exclusion of crabgrass and other species from the tall weed communities is caused by their intolerance of low light.
OBJECTIVES OF PRESENT STUDY THE PROBLEM IN GENERAL
Although these writers touch on causes of early old field succession there remain several questions which must be answered before the particular sequence can be explained adequately. If answers to these questions were available they might be applicable not only to early stages of secondary succession, but might also lead to a better understanding of the causes of succession in general. This study was initiated, therefore, with the broad objective of contributing to our knowledge of the causes of succession. The method was to attack the problem through old field succession as a particular example. Of the species involved, the major dominants of the first three years were given first consideration.
The problem resolved itself into several phases which are well represented by the following questions, then unanswered.
1. Why is horseweed, rather than some other plant, usually dominant in first year fields? 2. Why does horseweed fail to hold dominance more than one year? 3. Why is aster delayed in assuming dominance until the second year? 4. Why does aster fail to hold dominance after the second year? 5. Why is broomsedge delayed in assuming dominance until the third year?
It soon became apparent that progress would require consideration of certain puzzling questions involving minor variations from the normal sequence and duration of the successional stages. Here are the most pertinent ones:
1. Why are a few first-year fields clearly dominated by ragweed with almost complete absence of horseweed? 2. Why does aster occasionally share dominance with horseweed in first-year fields? 3. Why does second-year aster-dominance occasionally persist for an additional year or more? 4. What effect does erosion have on the general pattern of succession ?
(The writer is indebted to Dr. H. J. Oosting for suggesting this study and for his advice and assistance.) SPECIFIC 
MATTERS FOR STUDY
To answer the foregoing questions, a number of specific points concerning the life histories of the dominant plants and the environmental factors influencing the survival and growth of these species needed clarification. Although taxonomic manuals indicate the approximate time of flowering of horseweed, aster, and broomsedge, it was not known with certainty when the seeds are fully mature and whether the seemingly mature seeds are capable of immediate germination or require a period of dormancy. Differences in time of maturity and differences in time of germination of seeds of the dominant species might influence the sequence of dominance.
No species can become established and hold its place in a community unless the seedlings can survive and grow to maturity. Species vary as to optimum environmental conditions for survival and growth, and often the conditions that are favorable for germination and early growth are not the most favorable for the later growth of the species. Little was known concerning the survival and growth of the dominant species of old fields. It became necessary, therefore, to determine when and where the seeds germinate under field conditions. A major question to be answered concerned the dormancy of the seeds of the three dominants, and whether the failure of certain species to become established in old fields is caused by failure of seeds to germinate or by death of seedlings. Again it seemed necessary to learn what environmental conditions permit the seedlings to survive and grow and what conditions inhibit them.
Survival and growth of plants in natural communities are influenced by a number of factors working together in such a way that it is often difficult to determine what conditions separately or in combination cause the end results. Conditions of soil moisture in abandoned fields change with the increase of organic matter in the soil and the protection from evaporation by living plants and litter. A knowledge of the reaction of the particular species to variations in moisture conditions was needed to help answer the general problems of succession. A knowledge of the reaction of each species to the variations in light would help evaluate the effect of decreasing light in old fields on the trend of succession. Such information could best be gained by experimental methods in which all factors except the one being studied could be held as nearly constant as possible.
If horseweed produces some substance that inhibits growth of other horseweeds or stimulates the growth of asters, or if aster produces some substances that cause the decline of asters and stimulates the growth of broomsedge, this might prove to be one of the important causes of the sequence of succession. Such possibilities could best be checked by experiment.
The idea that one plant may produce some chemical compounds which are inhibitory or toxic to other plants was advanced by Pickering & Bedford (1914 , 1917 , 1919 . Davis (1928) called attention to the injurious effects of black walnut on other species. Proebsting & Gilmore (1940) showed that neither exhaustion of plant nutrients or disease carried over from the last orchard could account for the failure of replanted peach orchards to make normal growth, but that peach roots added to virgin soil inhibited the growth of peach seedlings. Benedict (1941) showed that dried roots of bromegrass are inhibitory to bromegrass grown in sand cultures and suggested that an inhibitory substance in the roots may be responsible for the thinning of bromegrass stands after a few years. Bonner & Galston (1944) and Bonner (1946) found that water or nutrient solution in contact with roots of growing guayule plants accumulate substances which are toxic to the growth of guayule seedlings. Went (1942) in his study of annuals that grow near shrubs in the desert of the Southwest, suggested that the occurrence of one plant determines the presence of certain other plants through some unknown agent, presumably chemical. Went's observation that annuals grow near Encelia farinosa Gray led Gray & Bonner (1948) to consider the problem of whether or not growth inhibitors do arise from Encelia plants, and they found that the leaves of Encelia, when placed on top of the sand culture in which tomatoes and other plants were growing, caused a striking inhibition of growth in these plants.
In most cultivated fields in this area harvest of a crop removes much of the aerial portion of the plants; consequently there is a minimum of organic matter in fields when they are abandoned. After a field is abandoned the plants that subsequently invade the area are left undisturbed to fall to the ground and eventually decay. This organic matter may influence the texture, water holding power, pH, and mineral content of the soil, and might contain some chemical substances that would be beneficial or harmful to plants growing in the soil containing it. Little was known concerning the effects of the dead plant parts of one species on the survival and growth of the same species or on other plants. The possibility that dead horseweed parts might inhibit the growth of other horseweed plants, either by producing some toxic substance or by causing an imbalance of minerals, needed to be considered. The effects of organic matter from aster or broomsedge upon other plants also needed to be known before the cause of old field succession could be determined.
Plants in a given community have mutual relationships, and all compete for water, light and available minerals in the soil. The effects of one species competing with individuals of the same species or of other species have been evaluated by a number of investigators. Brenchley (1919) planted mustard plants in pots with one, two, three, four, and five plants to a pot, and in comparing the final dry weights found the total weight of five plants in one pot to be about the same as that of the one plant in a pot. She found growth to be proportional to the amount of minerals in solution. Such knowledge of the effects of competition among dominant species in old field succession seemed necessary to answer some questions concerning the causes of old field succession.
GENERAL PROCEDURE SEED MATURATION AND DORMANCY
A knowledge of as many details as possible of the life cycles of the three major dominants-horseweed, aster, and broomsedge-seemed necessary for an understanding of the causes of the particular sequence of early old field succession. Study of life cycles was begun with studies of seeds of the three species. Plants were observed in the field to determine time of seed maturity. Mature seeds were collected and tested for germination under a variety of conditions to find the elapsed time and environmental conditions affecting germination for each species.
GERMINATION, SURVIVAL AND GROWTH UNDER FIELD CONDITIONS
Further studies of life cycles, as well as of survival and growth of plants under field conditions, were undertaken by means of a series of permanent quadrats in fields of different ages. List counts of species were made at intervals during a year to determine the number of seeds germinating, the season and environmental conditions of germination, and the number of seedlings living and growing to maturity. A knowledge of the number and kinds of plants growing in each community was gained from these permanent quadrats and this gave information concerning competition among the three dominants and among the dominants and other species.
Observations of permanent quadrats indicated the desirability of obtaining information from a large number of fields that had slightly varied histories. Therefore surveys were made of thirty fields. These surveys involved not only examination of the present vegetation, but talking to the owners or tenants about the last crop, its time of last cultivation, and the amount of erosion in such fields.
In connection with the permanent quadrats and field surveys, a number of individuals of the three species were measured to help evaluate the amount of growth made by the plants at different ages and under different field conditions.
FACTORS INFLUENCING SURVIVAL AND GROWTH
Experiments were conducted in the greenhouse to determine the effects of variations of water and light on the survival and growth of the three dominants. Seedlings of each species were grown with three variations of light in combination with four variations of watering in such a way that the effect of each factor could be evaluated separately or in combination with the other.
Experiments were set up to see whether any one of the dominant plants produced some substance which, carried in soil water, would inhibit or stimulate its own growth or the growth of one of the other species. The three species were grown in separate pots, and all the water they received had percolated through the soil in which one of the species was growing. Size at various times and final dry weights were used to judge the effects of the different treatments.
Greenhouse experiments were carried out to check the effect of the dead plant parts of each of the old field dominants upon itself and upon each of the other species. Plants of each species were grown in soil containing chopped plant parts from each of the other species. This experiment gave information concerning the total effect of the specific organic matter on the growth of each species, but revealed little concerning the fundamental causes of the differences. A variation of this experiment using nutrient solution instead of distilled water was carried out to see whether the differences in growth between treatments was being caused by a mineral deficiency or by some other factor.
The effect of competition between broomsedge and aster was tested with a controlled field experiment in an attempt to solve the problem of why broomsedge replaces aster in old field succession. Young asters were transplanted to the vicinity of established The three major dominants of old field succession, horseweed, aster, and broomsedge were observed in the field during two seasons to determine the time at which the seeds of each species matured. Mature seeds of the three species and also of ragweed were collected for testing germination under varying conditions. At weekly intervals during the months of November and December, 1947, seeds of each species were planted in two pots of soil, one pot being placed out of doors, and one in the germinating room of the greenhouse. If seeds of any species failed to germinate in the greenhouse, seeds were layered in damp sand in a cold room at a temperature of 10'C. and tested at intervals for germination. Seedlings grown in the greenhouse from the germinating seeds were compared from time to time with field specimens as an aid in recognizing seedlings in the quadrants being studied.
Three small plots in a first-year horseweed-dominated field were spaded on June 15, three others on July 15, and three on August 15. All plots were watched for seedlings of the species being studied to see when the seeds germinated in the field.
RESULTS.
Horseweed. Horseweeds were observed blooming by the middle of July and some individuals were still blooming the last of October. The first mature seeds were collected early in August and germinated on damp filter paper about two weeks later. Horseweeds planted in soil at weekly intervals during November and December germinated outside through November, but did not germinate during the relatively cold month of December and many of the seedlings that had germinated during November died. Horseweed seeds that did not germinate outside when planted in December, germinated the following spring.
Horseweeds planted in the greenhouse germinated within two to five days regardless of the season. No seedlings of this species appeared in the spaded plots until the last week of August, at which time seedlings were found in abundance in the entire field.
Aster. A few scattered asters began to bloom in late September but most were in full bloom during late October and early November. The earliest mature seeds were collected the first of November from a few terminal heads of racemes. Aster did not germinate outside during November and December, but did show germination in the greenhouse seven to ten days after planting. Seeds planted outside germinated the following spring. No asters were seen at any time in the spaded plots.
Broomsedge. Soft immature seeds of broomsedge (Andropogon virginicus L.) were found the first of
October, but firm seeds were not found until a month later. These seeds failed to germinate either in the greenhouse or outside during November or December. Seeds were layered in the cold room on December 8, and the first samples of these layered seeds germirsated in the greenhouse on January 10. No seedlings of broomsedge were seen in the spaded plots.
Ragweed.
Ragweed seeds collected in October failed to germinate in the greenhouse or outside unless layered. Seeds that were layered in the cold room on November 13 first germinated in the greenhouse on February 13.
CONCLUSIONS.
Horseweed seeds mature as early as the first of August and are capable of germination soon after maturity. They may continue to germinate at relatively low temperatures during the late fall.
Aster seeds are not mature before the first of November. They may germinate soon after maturity in a warm environment, but not in the normally cool outdoor conditions that prevail around Durham in November.
Broomsedge seeds are not mature before the first of November and will not germinate under any conditions without a period of cold dormancy.
Ragweed seeds require a period of cold dormancy before they will germinate. METHODS. In the late winter of 1947-1948 a search was made near Durham, North Carolina, for fields in which to locate permanent quadrats for the study of life cycles, suvival, and growth. Fields that were not to be plowed that spring or summer were necessary and, since very little land was being abandoned deliberately because of the high price of farm products, such fields were difficult to locate. Such land as was being abandoned was usually badly eroded or otherwise unproductive. Nine fields were located, of which three had been last cultivated in 1945, three in 1946, and three in 1947. Ten permanent quadrats one-fourth meter wide and one meter long were marked with stakes in each of the nine fields at intervals along a central line running the length of the field. In fields where furrows from the last cultivation were evident the arrangement was such that each plot included part of a ridge and a furrow. List counts of all species present were made in March, June, and September; the age of asters and broomsedge was estimated and each age group recorded separately. Counts of aster and broomsedge were made the following January in two fields of each age that had not been plowed by that time. When seedlings or young plants could not be recognized, samples were transplanted to pots in the greenhouse and later identified.
RESULTS.
Species: Area curves made after each count indicated the one-fourth meter square quadrats were more than adequate for sampling at any season of the year.
Horseweed. Horseweed plants in the thirty quadrats in first-year fields showed an average density of 15.6 in March, 17.9 in June and 17.2 in September. In March these plants were rosettes ranging in diameter from one-half inch to six inches with many plants of the larger sizes. By June most of them had begun height growth, many being as much as one to two feet tall. In mid-July a large number were blooming, and although some were still only a few inches tall, the majority were between four and six feet tall. At the time of the last quadrat counts in late September, the plants that had bloomed first were nearly dead whereas some others were just beginning to bloom.
There were more than six times as many horseweeds per unit area in second-year fields as in firstyear fields. The density in March was 97. In June the density had decreased to 78 and to 25 in September. In March most of the horseweed seedlings in second-year fields were less than a half inch in diameter, and none were seen that were more than one inch. Few finally grew to be more than a foot high, with the average being about six inches. These stunted plants began to bloom by the middle of July, and only a few remained alive until September.
Horseweed plants were found in only one thirdyear field. In this field there was an average of 123 seedlings per quadrat in March, 56 in June, and 18 in September. These plants in the third-year field were about the same size as those in the second-year fields.
Aster. There were only a few newly germinated asters (density 0.13) present in first-year fields in March, but by June the density had increased to 4.6, and in September it still averaged 4.6, but the decline in frequencies between June and September counts indicated that some of the seedlings had died and other seeds germinated.
The few asters beyond the seedling stage in the badly eroded second-year fields had a density of 0.07 in March and the same individuals lived through the season. Some aster seeds had germinated before March (density 4.9) in the second-year fields, and this number had increased by June to a density of 14.6. The survival of these plants could not be determined as the field containing the largest number of seedlings was plowed before September. The density of aster seedlings in the other two fields, however, was about the same in September as in June.
In the third-year fields aster plants with dead flowering stalks from the preceding year averaged 2.8 per plot. Most of these plants lived through the season and bloomed again in the fall (September density 2.4). Their height, however, was usually considerably less in their second year than in the first, as judged by the flower stalks still standing.
Some one-year old asters (density 8.0) were present in third-year fields. By June their density had dropped to 6.2, and the surviving plants were little larger than they were the year before.
The ground under the old asters in the third-year fields was almost completely covered with young aster seedlings, with a density in March of 321. Seedlings which survived to June (density 142) were scarcely larger than they were in March. September density had decreased to 45, including both young asters and seedlings of the current year which could not be distinguished from each other.
Broomsedge. There were no broomsedge seedlings in first-year fields in March, but in June their density was 2.2, and it increased to 4.6 by September. Of the two first-year fields checked for broomsedge in the following January, one showed the same number as in September and the other showed an increase from 4.4 in September to 5.8 in January. There was no way of knowing whether the same individuals were counted at the different times, or whether some died and other seeds germinated. Five one-year broomsedge plants were found in the ten quadrats of one of the first-year fields that had been abandoned late in June of the preceding year, and all five of these plants survived through the season.
No broomsedge seedlings were found in seeond-year fields in March. The June counts showed the low density of 0.8 and by September the value had increased to 1.4. Five one-year old plants that were found in the thirty quadrats in the second-year fields all lived throughout the period in which quadrat counts were made.
Broomsedge seedlings appeared earlier in thirdyear fields than in first-or second-year fields. The density in March was 1.0, and in June 19.8 and in September 61.7. In the two fields checked in January, the density in one remained the same as it was in September and in the other increased from 38.8 to 61.7. In third-year fields most of the broomsedge plants which were a year old survived, the density being 1.3 in March and 1.1. in September.
Ragweed. Young ragweed seedlings were found in all fields in March. In the first-year fields there was an increase in density from 1.4 in March to 3.5 in June, and nearly as high a count in September. The highest counts of ragweed were made in third-year fields, with densities of 6.3 in March, 3.5 in June, and 1.5 in September. Ragweeds in first-year fields, especially in one where the density of horseweeds and other plants was relatively low, usually grew to be branching plants three or four feet high. In secondand third-year fields the ragweeds were usually unbranched plants, less than a foot high except where they were growing in spaces unoccupied by many other plants.
Other Plants. There were 22 species of plants present in at least two of the three first-year fields studied. Aster, broomsedge, and pines, which later become dominants, are still in the seedling stages at this time. Horseweed, ragweed and crabgrass are the only ones of the 22 species that attain sufficient size or density to become dominants in the first year. A number of other plants that show relatively high densities and frequencies at some period of the year are small plants, no one of which alone covers enough area to be considered a dominant. Some of these species are Sagina decumbens (Ell.) Torr. and Gray, Oenothera laciniata Hill, Plantago virginica L., Diodia teres Walt., Krigia virginica (L.) Willd., Polypremum procumbens L., Specularia perfoliata
Of the 25 species found in at least two of the three second-year fields, all but one, Lespedeza cstriata (Thunb.) H. & A., had been found in at least one of the first-year fields although sometimes with low densities. There were 23 species found in at least two of the third-year fields. Four of these, Tecoma radicans (L.) Juss., Triodita flava (L.) Smyth, Solidago spp., and Erigeron racemosus (Walt.) BSP. had not appeared in a field of a younger stage.
CONCLUSIONS.
Horseweed is a winter annual, germinating in the fall, living as a rosette over winter, and blooming by mid-summer. Although the density is much lower in first-year fields than in second-or third-year fields, the percentage of survival and growth of horseweed plants is much greater in first-year fields than in the other two ages of fields.
Aster seeds germinate in the spring and early summer following their fall maturity and are present as small plants in first-year fields. These plants live over the winter, grow in height the second summer and bloom the second fall. The flower stalk dies, leaving a basal rosette of leaves that lives over the winter, and produces another flower stalk the following year. The density of aster seedlings under old aster plants in third-year fields is very high, but few seedlings survive and those that live make very little growth.
Some broomsedge seeds germinate during the spring following the fall in which they mature and others germinate during the summer and late fall. There are few broomsedge seedlings in the first-and second-year fields, but the survival of such seedlings is high. The survival of broomsedge plants beyond the seedling stage is almost 100 percent. A broomsedge plant blooms in its second fall and the clump continues to increase in circumference the third year and blooms again.
Ragweed is a summer annual; the seeds germinate in early spring and the plants bloom in late summer. The survival and growth of ragweed plants is greatest in fields where the density of other plants is least.
Horseweed, ragweed and crabgrass are the only plants present in first-year fields that have either density or size enough to become dominants.
FIELD SURVEYS
METHODS.
Fifteen first-year fields near Durham and four first-year fields in Alexander County in the upper Piedmont of North Carolina, were surveyed in fall condition. The past cultivational history of each field was obtained from the owner or tenant. Ten quadrats, one-fourth by one meter in size were spaced at regular intervals in each of the fields and counts were made of asters and broomsedge by age classes. General observations as to the abundance of other species and amount of soil erosion were made.
Eleven second-year fields in fall condition were surveyed near Durham, histories were obtained, conditions of soil observed, and abundance of each species noted. Asters and broomsedge were counted in four of the eleven fields, using the same size and number of quadrats in each as in first-year fields. Several of these second-year fields had been observed during the search for permanent quadrat locations, but had been rejected because the owner was not sure they would not be plowed that season; consequently, in such fields the dominants of two seasons were observed.
RESULTS.
First-year fields. Horseweed was clearly the dominant plant in ten of the nineteen first-year fields. All of these fields except one had been last cultivated in July or August of the preceding year. The last crop in seven of these horseweed-dominated fields had been corn; garden vegetables were the last crop in two, and sweet potatoes in the other one. This last field had been observed during the year following the October harvesting of potatoes. It appeared bare of all vegetation during the winter, and throughout the following summer possessed a dense cover of horseweed plants that were smaller and less mature than the horseweeds in neighboring fields. These retarded horseweed plants did not bloom until late September and October.
Three of the first-year fields were dominated by a mixture of horseweeds and asters. The last crop in two of these fields had been corn, and the last crop in the other one was garden vegetables. One of the corn fields and the garden had been last cultivated in June and the other corn field in July.
Six of the first-year fields were clearly dominated by ragweed with practicalhy no horseweeds and only a few scattered blooming asters. Four of these had been plowed in the fall of the year before and planted in winter wheat, one had been planted in winter vetch following cotton the preceding fall, and the other was a cornfield that had been last cultivated in June and in which the soil was badly eroded.
Young asters were found in every first-year field studied, ranging in density from 0.1 in a large wheatragweed field that was a long distance from any visible seed source, to 28.6 in a garden plot that had a surrounding border of blooming asters. The average density of young asters in all nineteen fields was 5.0 with a frequency of 71.5 per cent. In general, the fields that showed greatest evidence of erosion had the lowest densities of young asters. In fields that had been recently eroded by torrential rains of November, 1948, many nearly dead young asters were observed with a large part of their root systems exposed where the soil had been washed away.
Broomsedge seedlings less than a year old were found in the quadrats of only nine of the nineteen fields, with an average density of 0.8. Only one older broomsedge plant was recorded in the entire 190 quadrats counted in first-year fields.
The other species present were in general the same ones found in the first-year fields studied with perma-nent quadrats and they occurred with a corresponding abundance.
Second-year fields. Of the eleven second-year fields all except two were dominated by asters. One of those was almost completely covered with Plantago virginica in the spring and with Diodia in the fall. The other had an almost complete cover of crabgrass in some areas and Diodia in others with the Diodadominated areas appearing much more eroded than the crabgrass-dominated parts. A few stunted horseweeds, scattered bunches of blooming broomsedge, and an occasional blooming aster were present.
The first-year histories of all but two of these second-year fields were determined by direct observation or by information obtained from the owners or tenants. Two were dominated by a mixture of horseweed and aster following a last crop of early abandoned corn. One was a mixture of horseweed and aster following a spring planting of lespedeza the preceding year. Three were ragweed-dominated following wheat, and one following sweet potatoes.
Blooming asters had an average density of 4.1. Blooming broomsedge had a density of 0.4. Broomsedge seedlings had a density of 0.15 in the quadrats of the four fields counted.
CONCLUSIONS. The time of year at which the last cultivation of a field takes place greatly influences the trend of succession on first-year fields. Fields last cultivated in early summer are usually dominated by a mixture of horseweeds and asters the following summer. Fields last cultivated in late summer after most of the aster seeds of the season have germinated are almost always dominated by horseweed. Fields last cultivated in late fall after most of the horseweed seeds have germinated are usually dominated by ragweed the following summer.
The density of young aster plants is greater in noneroded fields than in eroded fields. Eroded spots in horseweed-dominated first-year fields are usually dominated by ragweed.
Most second-year fields are dominated by asters even though they are dominated the first year of abandonment by either a mixture of horseweeds and aster, by horseweed alone, or by ragweed. A few fields, usually badly eroded, are not aster-dominated the second year.
MEASUREMENT OF GROWTH METHODS. Measurements of numerous individuals of aster and broomsedge were made in December, 1948, to determine sizes at different ages in different habitats. Five small sample plots were distributed at random in four fields that had been-cultivated the preceding summer, and diameters of all horseweed plants falling within these areas were measured. Similar plots were located in four of the horseweeddominated fields used for the first-year survey. The size of horseweed seedlings was compared with that of the seedlings found in zero-year fields.
All aster and broomsedge plants growing within the one-fourth by one meter quadrats in four of the first-year survey fields and four of the second-year survey fields were measured, with height measurements of aster and broomsedge seedlings, and both height and basal circumference of older broomsedge plants being taken. Blooming asters and all broomsedge plants beyond the seedling stage in the quadrats of two of the third-year permanent quadrat fields were measured in the same manner.
Horseweed. In the zero-year fields 106 horseweeds rosettes were measured. Only one of these plants was less than a half-inch in diameter; the remaining ones ranged in size from 1/2-41/2 inches, averaging one inch in diameter. Of the 698 horseweed seedlings measured in the first-year fields 656 were one-fourth inch or less in diameter and none of the other 62 were more than one inch in diameter.
Aster. In first-year fields 55 young asters ranged in size from one to five inches in height and averaged 2.2 inches. The 194 young asters measured in second-year fields ranged in size from 1/2-4 inches and averaged 0.9 inches in height. Blooming asters (70) measured in second-year fields ranged in height from 12 to 57 inches and averaged 34 inches, but those (43) in third-year fields ranged in height from 3 to 67 inches and averaged 27 inches.
Broomsedge. Nineteen broomsedge seedlings measured in first-year fields were from 2 to 9 inches in height and averaged 5 inches. Six broomsedge seedlings found in the quadrats of the second-year survey fields were 3 to 7 inches high and averaged 5.3 inches. Nine broomsedge plants in second-year fields that were between one and two years old averaged 40 inches in height and 3 inches in basal circumference. Twenty-five broomsedge plants in third-year fieldsone and a half year old plants being difficult to distinguish from older plants-averaged 39 inches in height and 10 inches in basal circumference.
CONCLUSIONS. Horseweed seedlings in second-year fields are only about one fourth as large as they are in first-year fields.
Young aster plants grow to be about two inches tall by fall in first-year fields, but in second-year fields where young asters are growing under mature asters, they are only about half as large.
Broomsedge seedlings grow as well in second-year fields as they do in first-year fields. Broomsedge plants reach their maximum height in second-year fields, but continue to increase in circumference the following year. Seedlings of horseweed, aster, and broomsedge were grown in the greenhouse during the summer of 1948 to see how they would respond to variations in water and light. Seeds of the three species were planted separately in pots of sandy loam, the asters being planted five days before horseweed and broomsedge so that the seedlings of this ~~~~~~~~~~~~~~~~~~~ 20, No. 3 slowly germinating species would be approximately the same age as those of the other two species. The pots were placed in the greenhouse in such a way that one third received full sunlight, one third were shaded with cheesecloth over a rack in such a way as to receive one-half full sunlight, and the other third were shaded to reduce the light to one-fourth full sunlight.
All pots were watered daily until the seedlings were ten to fifteen days old. At that time the plants were thinned to forty to an eight-inch pot, or less in the case of asters where fewer than that number had germinated. Within each variation of light one pot of each species was watered every day, another pot of each -species was watered every seven days, another every fourteen days, and a fourth pot of each species was watered at a twenty-one day interval. At the end of three weeks of differential watering, the surviving plants were counted. The differential watering was continued for another four weeks. The surviving plants were then removed from the soil, oven dried, and their average weight determined as a measure of the growth that had been made by the plants that had been subjected to different environmental conditions of light and water.
RESULTS.
Horseweed. During the first three weeks of differential watering the mortality of horseweed seedlings was as follows: Judging by the average dry weight of plants, the optimum conditions for horseweed growth were onefourth full sunlight with a fourteen-day interval between waterings. In general the poorest growth was made in full sunlight. The best watering period for all variations of light was the two-week interval, and the poorest growth was made at the three-week watering interval. Figure 1 shows the survival and growth of horseweed seedlings for the entire period of the experiment. Aster. There were some deaths of asters in six of the twelve treatments as follows:
Full All of the aster seedlings that survived the first period of differential watering were still living at the end of the second period. Although the mortality among the asters was greatest in full sunlight, the plants that lived made the greatest growth in full sunlight. In every variation of watering the asters in full sunlight were definitely larger than those in the other two variations of light (Fig. 2) .
Broomsedge. All broomsedge seedlings that survived the first period of differential watering lived until the end of the experiment (Fig. 3) .
Seedlings in both conditions of reduced light soon showed a definite chlorosis, which became more pronounced with additional time, while those plants in full sunlight were dark green in color. Broomsedge seedlings showed their optimum growth in full sunlight with the seven day interval between watering. The seven-day watering interval produced the best growth in all three variations of light, with gradual decrease in growth as the interval between watering was lengthened. The plants grown in one-fourth full sunlight showed consistently less growth at every watering interval than the plants grown with more light.
CONCLUSIONS.
Horseweed seedlings are droughtresistant, capable of enduring two to three weeks of drought without death of a large number of plants. They make their best growth in reduced light when watered every two weeks.
About half of the aster seedlings died in full sunlight when deprived of water for one week. Mortality is somewhat reduced with shading, but growth is also greatly reduced. Asters make their best growth with an abundance of both light and water.
Broomsedge seedlings can endure one to two weeks in full sunlight without severe loss of plants. Mortality is reduced with shading, but growth is also reduced. Broomsedge makes best growth in full sunlight when watered once a week.
Experiments were carried out in the greenhouse during the late winter and early summer of 1948 to determine the effect of substances produced by living plants of each of the dominant species of old field succession upon the growth of others of the same species or upon individuals of the other two species. Clay pots were fitted with drain tubes and filled with unsterilized sandy loam soil from a field which had been cultivated the preceding year. Young plants of aster, horseweed, and broomsedge from fields were set one to a pot, except in the pots which were left without plants to be used as controls. When these donor plants were established and growing, receiver pots were set up; seeds of the three species being studied were planted separately in pots containing soil from the same source as that used in the donor pots.
The pots of seedlings of each species were arranged so that three pots of each species were watered with drip water from horseweed, three from aster, three from broomsedge and three from control pots containing soil in which no plants were growing. Each of the three sets of replications were placed at different exposures in a greenhouse room. The donor pots were watered with distilled water every three to five days when the receiver seedlings were young, and every five to seven days after the plants were well established. Receiver plants were given no water except that which percolated through the soil of the donor pots. None of the receiver plants showed any sign of wilting on this watering schedule.
Plants of other species were pulled out as they germinated and the receiver plants were gradually thinned, always leaving the largest plants, until only two plants remained in each pot.
The receiver plants were measured periodically, the diameter being used for the rosette stage of horse-~~~~~~~~~~~~~~~~~~~ 20, No. 3 weed and height for the later stages of horseweed and all stages of aster and broomsedge. During the first week in August, 1948, when the receiver plants were five months old and some of the horseweed plants were beginning to bloom, they were removed from the soil, dried in an oven, and their weights compared. The data were analyzed to see if there were any significant differences in size at any stage that could be attributed to differences in treatment.
RESULTS. At the end of the experiment when the plants were five months old, most of the individuals which had been grown in the greenhouse much larger than plants of the same age that were growing in the fields under natural conditions. The horseweed plants ranged in size from 5 to 36 inches tall, the asters from 7 to 47 inches and the broomsedge from 6 to 34 inches.
Statistical analyses of the data for size measurements and final dry weights showed that there were more variations within each treatment than there were between treatments; consequently no differences in size at any time could be attributed to substances produced by living plants and passed to other plants in the soil water.
None of the old field dominants produced substances that are carried in soil water and thus inhibit or stimulate the growth of any one of the others.
DECOMPOSITION PRODUCTS

METHODS.
Greenhouse experiments were carried out in the spring and summer of 1948 to determine the effect of decaying organic matter from each of the dominants of old field succession upon that species and upon the other two. Horseweed, aster, and broomsedge were grown in pots containing chopped roots or tops of one of the dominants mixed with sandy loam from a field that had been cultivated the preceding year. An attempt was made to estimate the amount of such plant parts that might normally be found in a given amount of old field soil at some stage in the succession. These estimates indicated that 115 grams of slightly damp roots or 80 grams of air-dry tops added to four thousand grams of soil in each pot would approximate the normal field conditions. Samples of each kind of plant part were ovendried to determine the amount of moisture in each. Three replications of each species were grown in soil containing one of the following kinds of organic matter: (1) horseweed roots, (2) horseweed tops, (3) aster roots, (4) aster tops, (5) broomsedge roots, (6) broomsedge tops. Three replications of each species to be used as controls were grown in soil containing no plant parts.
(1) Seeds were planted on February 26, 1948, and plants were watered with distilled water throughout the experiment. Other species were removed as they germinated and the desired species were gradually thinned, always leaving the largest plants until two plants remained in each pot. The plants were measured at intervals in the same way as in the preceding experiment. When the plants were five months old, they were removed from the pots, ovendried and their weights compared. The remains of the organic matter were sifted from the soil, washed, oven dried, and weighed. Final dry weight was compared with the original to determine the amount of decay that had taken place.
(2) If the plants in the preceding part (1) of the experiment should show a difference in growth in the soils containing different kinds of organic matter, it would not be known whether these differences were caused by some toxic substances, by mineral deficiencies, or by some other cause. In an effort to see the relation of mineral deficiencies to differential growth, should there be any, part of the experiment was repeated using a complete nutrient solution suggested by Hoagland and Arnon (1938) instead of distilled water so that there could be no mineral deficiencies. Horseweed plants were grown in sand, some of the pots containing horseweed roots, some containing horseweed tops and others containing no plant parts. Parts (1) and (2) of the experiment were carried out in the same general way except that in part (2) the plants were watered with nutrient solution instead of with distilled water.
(3) Horseweed plants were grown in unsterilized soil and watered with complete nutrient solutions with the same combinations of living plants and plant parts as used in the sand-nutrient solution experiment (2) to see if the soil organisms present in the soil but not in the sand would make a difference in growth.
RESULTS.
Horseweed. Noticeable differences in the diameters of horseweed seedlings in the soil-distilled water part of the experiment were evident with two of the treatments as early as two weeks after the seeds germinated. The plants growing in pots containing horseweed roots were noticeably smaller than the controls and other treatments, and the seedlings growing in soil containing aster roots were consistently larger than any of the others.
When the plants were two months old, the six horseweed plants growing with horseweed roots averaged 4.3 cm. in diameter, the ones with aster roots 12.1 cm., and the ones in the controls 8.5 cm. Statistical analysis of the data for this stage showed that there was less than one chance in twenty that these variations in size could be attributed to conditions other than the differences in kind of organic matter in the soil. Figure 4 shows the relative size of plants with different treatments when they were two months old. Horseweeds growing in soil containing aster roots continued to be larger than the others during the entire five months the plants were growing, and statistical analysis showed this difference to be significant at the five percent level. As the plants increased in age there was so much variation within each treatment that the differences between treatments became insignificant. Horseweed N~ FIa. 4. Two-months-old horseweed plants growing in soil containing the following kinds of organic matter: HRhorseweed roots, HT-horseweed tops, AR-aster roots, AT-aster tops, BR-broomsedge roots, BT-broomsedge tops, C-Control (no organic matter added). Block 1, 2, and 3 are three replications of each treatment. Aster roots (AR) added to soil produced a significant increase in size, and horseweed roots (IIR) resulted in reduced size of plants when compared with control. Other treatments produced no significant differences. plants growing with horseweed roots remained smaller than the controls, but failed to show a significant difference in size after they were two months old.
In the sand-nutrient solution part of the experiment all plants grew luxuriantly, with little difference at any time in size of individuals. The six plants growing with horseweed roots at two months averaged 24.5 cm. in diameter, those with horseweed tops averaged 27.5 cm., and those in the controls 24.5. These differences are statistically insignificant at the 5 percent level.
In the soil-nutrient solution part of the experiment those plants growing in soil containing organic matter were consistently larger at every measurement than those growing in soil without additional organic matter. When the seedlings were six weeks old the diameters of plants growing with horesweed roots was 6 cm., those with horseweed tops 10.1 cm. and those in the controls 4.1 cm. These differences are significant at the 5 percent level. When the plants were two and a half months old, the plants with horseweed roots averaged 23.3 cm., those with horseweed tops 23.3 cm., and in the control 21.6. The differences within the treatments were so small that the differences between the control and the other two treatments proved significant. The final dry weights showed that those plants grown with horseweed roots averaged (15.65 gms.) twice as much as the controls (7.75 gms.), and the differences proved to be significant. The dry weights of those plants grown in soil containing horseweed tops (8.88 gms.) were not significantly greater than the control.
Aster. Asters grown in the soil-distilled water part of the experiment showed a decided difference in size for different treatments when they were two months old. Figure 5 shows the asters at the age of two months when the stunting effect of horseweed roots and tops and broomsedge tops, and the stimulating effect of aster roots was quite apparent. Plants in soil containing aster roots were definitely the largest, averaging 14.1 cm. in height, and those in soil containing horseweed roots were significantly (at the 5 percent level) smaller than the controls, which averaged 11.0 cm. By the time the plants were three months old the variations within each treatment were so great that the differences between treatments were not significant except in the case of those plants growing with aster roots, which were almost twice FiG. 5. Two-months-old aster plants growing in soil containing the following kinds of organic matter: HRhorseweed roots, HT-horseweed tops, AR-aster roots, AT-aster tops, BR-broomsedge roots, BT-broomsedge tops, C-Control (soil with no organic matter added). Block 1, 2, and 3 are three replications of each treatment. Aster roots (AR) added to the soil produced a significant increase over the control and aster tops (AT), broomsedge tops (BT), horseweed tops (HT), and horseweed roots (HR) resulted in plants significantly smaller than the control.
as tall as any of the others. Although the height measurements in later stages failed to show significant differences, the final dry weights showed significant differences in four of the six treatments that were compared with the controls. At the end of the experiment the astcrs grown with aster roots were largest (average, 14.3 gms.); those in soil containing horseweed roots (3.58 gms.), horseweed tops (3.75 gms.), and broomsedge tops (3.38 gms.) were significantly smaller than the controls (10.75 gms.).
Broomsedge. Height measurement of broomsedge failed to be a fair evaluation of size, as it did not show the amount of tillering and circumference of clumps. There were no significant differences in height at any time among the plants grown with different treatments. Final dry weight, however, showed that those broomsedge plants grown in aster roots (av. wt. 8.86 gms.) were more than twice as heavy as those grown without organic matter (3.62 gms.). Plants grown in soil containing broomsedge roots (3.45 gms.) and broomsedge tops (3.27 gms.) were slightly smaller than the control and those with horseweed roots (5.34 gms.), horseweed tops (5.62 gms.), and aster tops (5.72 gms.) were slightly larger than the controls.
Decay and plant growth. The amounts of undecayed plant parts remaining in soil after plants had been growing in it for five months could not be determined accurately because it was difficult to separate small particles of organic matter from the soil. In spite of the possible experimental error, some information was obtained concerning the rate of decay of the different plant parts and its correlation with growth of the plants.
Ninety-eight percent of the aster roots placed in soil had decayed at the end of five months. All three species in soil containing aster roots made much greater growth than plants receiving any other treatment. Broomsedge roots showed the next highest amount of decay (71 percent) and no plants were stunted when grown with broomsedge roots. Broomsedge tops, with 67 percent decay, stunted horseweed in early stages and aster at all stages. Horseweed roots with 64 percent decay stunted horseweed in early stages and aster at all stages. Aster tops (32 percent decay) and horseweed tops (27 percent de-cay) significantly reduced the growth of asters.
When horseweeds were grown in sand and watered with nutrient solution, horseweed roots (30 percent decay) and horseweed tops (27 percent decay) did not affect the growth, and all plants grew equally well. When horseweed plants were grown in soil watered with nutrient solution, those plants growing with horseweed roots (98 percent decay) made much more growth than those growing with horseweed tops (65 percent decay). Plants growing in soil without added organic matter made less growth than those with the other two treatments.
CONCLUSIONS.
The kind of decaying organic matter in the soil does influence growth of the dominant plants of old fields. Growth of plants seems to be related to the amount of decay of organic matter, and the amount of decay is not the same for different plant parts. Aster roots in soil decay more rapidly than other plant parts tested and produced the greatest growth in all three species. Horseweed roots in soil inhibit the growth of horseweed seedlings and of aster at all stages. Broomsedge tops, aster tops, and horseweed tops inhibit the growth of asters.
Plants grown in sand or soil containing organic matter to which nutrient solution has been added are not inhibited in growth. Field observations had shown that asters of all ages made little growth where broomsedge was increasing in number and size of clumps, and greenhouse experiments bad indicated that living broomsedge produced no substances that inhibit the growth of asters. A controlled field experiment was set up to determine the effect of competition of broomsedge upon aster plants, and to determine if possible the basis of competition. It was hoped that an answer to the problem of why broomsedge replaces aster in old field succession might be partially solved by the results of such an experiment.
Three large broomsedge plants were selected in one of the third-year permanent quadrat fields. With each of these plants at the center, circles with onemeter radii were cleared by pulling up all the plants except the broomsedge and by removing the top inch of soil. On July 17, 1948, after the soil had been thoroughly wetted by a recent rain, young aster plants about an inch high that had been grown in the greenhouse were set at one-eighth meter intervals from the broomsedge on four radii of each circle. The plants that died during the first few days following resetting were replaced and by the end of a week all aster plants were established and living. On September 26, near the end of a five-week drought, the plants were checked for survival, the living plants were removed from the soil, and oven-dried. The average dry weights of all plants equidistant from a broomsedge plant were calculated.
The soil moisture conditions near the end of the five-week drought were determined in each of the experimental plots and also in the three third-year fields with permanent quadrats to see if water might be critical in competition. Soil samples were taken 1/8, 3/8, and 5/8 meters from the broomsedge plants at the center of each plot. The percentages of total water present, and the wilting percentage of each sample were determined, and from these data the water available to plants was calculated. Soil samples were taken beside quadrats one, five, and ten in each of th third-year permanent quadrat fields and available water calculated in like manner.
The distribution of broomsedge roots was determined by digging around the plants in the center of each plot to see how the extent of the root system corresponded with the survival of the asters.
The following table gives the percentage of plants dying and the average dry weight of the surviving plants for each distance from a broomsedge plant, and the available water present after drought at three of the positions.
Distance
Average Most of the broomsedge roots extended to between two-eighth and three-eighth of a meter from the edge of each clump, with very few roots being found beyond this distance. More aster plants died in the regions where roots of broomsedge and aster were growing in the same soil than in other areas, and the surviving plants made less growth than elsewhere. The available water after drought was very low (1.70 percent) in soil occupied by broomsedge roots, but was greater outside the range of these roots (6.40 percent). Two of the twelve plants growing near the edge of the cleared plots died, and the surviving plants made less growth than ones located near the middle of the radii.
One of the third-year permanent quadrat fields which was clearly dominated by asters in 1947 and by broomsedge in 1948 showed the lowest available water of any of the third-year fields following a period of five weeks with very little rain. Soil samples from beside quadrats one, five, and ten showed the available water to be 1.83 percent, 2.58 percent, and 3.38 percent.
A second third-year field which was dominated by asters in 1947 showed a clear broomsedge dominance in 1948 on most of the field which was on a slight slope, but retained aster dominance in a small low area at the end of the field where the first quadrat was located. Soil samples showed the available water near the aster-dominated first quadrat to be 2.84 per-cent, but at quadrats five and ten which were up the slope in the broomsedge-dominated areas the values were 2.38 percent and 1.83 percent.
The other third-year field was aster-dominated in 1947 and although the number and size of broomsedge plants had increased, slightly, the field was still asterdomiiinated in 1948. The available moisture was much higher in this field than in the other two, being 5.85 percent, 7.45 percent and 6.66 percent at the three stations tested.
CONCLUSIONS. The survival and growth of asters is poor when they are growing near thriving broomsedge plants. Competition for water may be one of the controlling factors in the replacement of aster dominance by broomsedge in old field succession.
CORRELATIONS AND GENERAL CONCLUSIONS CAUSES OF OLD FIELD SUCCESSION THE GENERAL TREND
The object of this study was to contribute to our knowledge of the causes of secondary succession by solving some of the problems concerning one particular example, namely, early old field succession in the Piedmont of North Carolina. To do this a number of general and specific questions needed to be answered. The foregoing experiments and observations were an attempt to answer as many of the specific questions as possible. The general questions usually could not be answered by one experiment or observations alone, but required evidence from several or all of the experiments and observations. Although all of these questions have not been answered satisfactorily, several have been partially or nearly clarified, and the conclusions should add substantially to an understanding of succession in general.
The answer to the question of why horseweed rather than some other plant is usually the dominant of first-year fields lies largely in the facts of its life cycle, and to a much less extent in its response to the environmental conditions present in first-year fields. Corn, tobacco, cotton, garden vegetables, and other crops that are last cultivated in July or August occupy much of the farm land in the Piedmont of North Carolina. The fact that horseweed seeds are mature and ready to germinate at the time of year when most farm land in the Piedmont of North Carolina has been cultivated for the last time in a season gives it an advantage over other plants. The other old field species that possess genetic possibilities of being plants as large as horseweed are spring-germinating species, and many of them are slow-growing perennials that do not reach their maximum size the first year.
Horseweed is a composite which produces many small wind-borne seeds, so that an adequate supply of seeds is rarely lacking. Although the density of horseweed plants in first-year fields is usually high enough t3 insure a fair to good stand, the density is also low enough so that there is no severe competition among individuals of the same species. Under favorable conditions horseweed grows to be the largest plant of any species commonly found in first-year fields. Ragweed, also commonly present, sometimes approaches the size of horseweed, but being a springgerminating species, gets started after horseweed is well established, and thus fails in competition with horseweed. Crabgrass is often present in large numbers, but even under the best environmental conditions rarely grows more than a foot high. Consequently it shares dominance with horseweed and does not replace it.
Horseweeds make their early growth in the fall, winter, and early spring when environmental conditions are favorable for the species. They are relatively drought-resistant plants, and a large number of them survive the fall droughts that normally occur in the Piedmont. They make their best growth in reduced light, and the short days with low light intensities during the fall and winter months are favorable for their growth. The ground cover of crabgrass plants that is often present in old fields at the time when horseweed seedlings are young is not harmful to them, but may be helpful in reducing light. Greenhouse experiments showed that horseweed seedlings were definitely stunted when they were grown in soil containing decaying horseweed roots, even though competition had been removed. Field observations and measurements showed that horseweed seedlings growing in fields in which the dead horseweed plants of the preceding summer were still standing were much smaller than those in fields that had been cultivated the previous summer. Although the stunting of horseweed seedlings in second-year fields could be caused partially by the inhibiting effect of decaying horseweed roots in the soil, this could not have been the only cause, for horseweed plants growing with horseweed roots in the greenhouse where competition was not a factor, finally overcame the initial stunting effect. There were more than six times as many horseweed individuals per unit area in second-year fields as in firstyear fields, and young asters were usually present in sufficient numbers to make competition a factor. The initial stunting effect of horseweed roots combined with the continued competition of numerous horseweed individuals and young asters could be enough to cause the loss of dominance by horseweed the second year. In eroded second-year fields where few young asters were present, the numerous horseweed seedlings were of the same small size as those in similar-aged fields containing many young asters, so it would seem that the inhibiting effect of horseweed roots and the competition among the large numbers of horseweed individuals could cause the small size of horseweeds without the added competition of asters.
The loss of dominance of horseweeds in second-year fields is not caused by the shading effect of asters or other plants. At the time the young horseweed plants are growing in second-year fields there are few other plants to diminish the amount of light reaching the seedlings; the bare stalks of the preceding horseweed stand obstruct little light and young asters are too small to interfere with light reaching the seedlings. Furthermore, horseweed seedlings grow best with the degree of reduction of light that is the normal condition for fall and winter.
Living aster plants produce no substance carried in soil water that inhibits the growth of horseweed plants; so living asters do not influence the decline of horseweed dominance in any way except in competing with them for water and minerals. As asters increase in size in the spring and summer of the second year, the already stunted horseweeds are at a still greater disadvantage, and never grow large enough to share dominance with asters in secondyear fields.
WHY ASTER IS DELAYED IN ASSUMING DOMINANCE
UNTIL THE SECOND YEAR.
Much of the agricultural land in the Piedmont of North Carolina is cultivated for the last time in July or August. Aster seeds mature so late in the fall that the weather is normally too cool by that time for aster seeds to germinate. Consequently the germination is delayed until the following spring. Asters germinate in cultivated fields during the spring and early summer and are destroyed by the subsequent cultivation of such fields. No aster seedlings were found in the plots that were spaded on June 15 and later, and permanent quadrats showed an increase in aster seedlings between June and September in only one of the nine fields. This indicates that most of the aster seeds do germinate before the last of June, but that a few may be delayed in germination past that time. Oosting & Humphreys (1940) reported no buried viable seeds of aster found in soils around Durham that had previously been occupied by old field vegetation, so it is not likely that aster seeds brought to the surface by summer cultivations would germinate. Consequently the last cultivation of farm land in this area usually occurs after most of the asters have germinated and the young seedlings are thus destroyed. An occasional surviving aster was observed in a recently plowed field in the late summer of 1948, indicating that some asters do escape the plow. These few plants that are not destroyed by cultivation, or are derived from late germinating seeds, account for the occasional blooming aster seen in first-year horseweed-dominated fields.
Although aster seedlings show best survival with reduced light, they make best growth in full sunlight. Young asters growing in a horseweed-dominated field are somewhat shaded during the first few months of their life. This partially accounts for the fact that asters grown in the greenhouse with abundant water and no shading made much more growth than asters grown in the fields. Dead horseweed stalks east but small shadows, so the asters are exposed to essentially full sunlight in the fall, winter, and following spring and summer after the previously dominant horseweeds die.
Decaying horseweed roots were found to have a greater stunting effect upon asters than they did upon horseweeds. Aster seedlings, however, are usually three to six months old before the horseweed plants, under which they grow, die and begin to decay. It cannot be said, however, that decaying horseweed roots do not inhibit the growth of asters to some extent, and that may be another reason why asters in the field grew more slowly than they did in the greenhouse.
Horseweeds, living or dead, do not stimulate the growth of asters. The living horseweeds may aid to some extent in the survival of aster seedlings by providing shade, but that same shade and the inhibiting effects of dead horseweed roots stunt the growth of asters. Therefore asters make some growth their first season in spite of the horseweeds, not because of them. Asters in the greenhouse bloomed their first season. It is possible that if no horseweeds or other plants were present in first-year fields to reduce the light and to compete for available soil moisture, asters might be dominant in a field in the fall of the first year of abandonment.
WHY ASTER FAILS TO HOLD DOMINANCE
AFTER THE SECOND YEAR. In the water and light experiments in the greenhouse aster seedlings showed their best survival in reduced light, as long as water was available, but made their best growth in full sunlight with abundant water. Asters were definitely the least drought-resistant of any of the three species studied. With a two-week watering interval the survival of seedlings increased progressively as the light was reduced, but with a three-week watering interval the reverse was true; there was a greater survival in full sunlight and nearly all of the plants died in the reduced light. In the spring of the third year there were a large number of seedlings present under the shade of the old asters, broomsedge and other vegetation. Most of these seedlings died before fall, and the surviving ones made very little growth.
The old asters that had bloomed the preceding year made considerable growth until about mid-summer, at which time many of them, especially the ones that were growing near large broomsedge plants, made little further growth and showed a rolling and yellowing of the leaves. Most of the old aster plants that had bloomed the preceding year lived and bloomed the second fall, but since they averaged only 27 inches high, they were not conspicuous in the fields where broomsedge plants averaged 39 inches.
In the field experiment where asters were placed in direct competition with large broomsedge plants, those asters whose roots occupied the same soil as that occupied by broomsedge roots showed greater mortality and less growth than those asters growing in soil not occupied by broomsedge roots. It is true that those plants close to the broomsedge were shaded a greater part of the day than those further away, but with all the other vegetation removed from the plots, all asters received full sunlight more than half of each day. The available soil moisture was less in the areas occupied by broomsedge roots than in soil not occupied by them. Young broomsedge plants are more drought-resistant than young asters, and older broomsedge plants in fields have a very high rate of survival. These facts, combined with the wide distribution of species of Andropogon in areas of North America where annual rainfall is low, suggests that broomsedge is relatively drought-resistant. When asters and broomsedge are competing for moisture in the same soil and when the available soil water is low, the broomsedge lives and continues to grow and the asters make little growth and finally die.
The soil moisture measurements in third-year fields confirm the idea that competition for water is one of the determining factors in the replacement of asters by broomsedge in old field succession. Those fields in which the available water is low during droughts are more clearly dominated by broomsedge than are those fields in which the available water is higher, and broomsedge dominance in such fields with higher moisture may be delayed a year until the broomsedge plants increase in size and number.
The reduced light in third-year fields is clearly one of the factors influencing the loss of dominance by asters in old fields. Few aster seedlings survive and grow to maturity in old fields after the vegetative cover of mature asters, broomsedge and other vegetation increases; the old asters fail to make sufficient growth in the reduced light to compete satisfactorily with the increasing broomsedge plants and finally die.
No evidence was found that living broomsedge or living asters produce any substances that inhibit the growth of asters. Both decaying horseweed roots and tops, which inhibit the growth of asters, are present in the soil at the time asters are losing dominance, but the actual amount of organic matter from the small horseweed plants that remain from second-year fields is too small to be an important factor in the elimination of asters. There are few broomsedge seedlings of any age in old fields for the first two years after abandonment. Quadrat counts showed that there were few broomsedge seedlings in the first-and second-year fields at any time, and general observations even following rainy seasons, failed to show seedlings of this plant in numbers in any except third-year or older fields. Those few seedlings seen in the first-and second-year fields were usually found in open sunny portions of the quadrats rather than under the partial covering of crabgrass which was usually present.
No tests were made to see what percentage of brcomscdge seeds germinate, but in all the greenhouse experiments involving planting of the three species, there was never any trouble in obtaining a full stand of broomsedge seedlings when layered seeds were used.
The water and light experiments showed that broomsedge seedlings are relatively drought-resistant. A large percentage of them are able to survive one to two weeks in full sunlight without watering with some increase in survival, but not in growth, with decreased lighting at the same watering intervals.
Broomsedge seeds are small and wind-borne, but are not so small as those of horseweed or aster, and may not be so easily transported. No tests were made to determine how far broomsedge seeds are commonly transported from their seed source. Although no old field in the Piedmont is far from a stand of broomsedge, it is possible that the seeds may not be carried far enough to produce a full stand. Oosting and Humphreys (1940) found three viable broomsedge seeds in 200 cubic inches of soil (maximum depth 53/8 inches) taken from a zero-year field, one from a second-year field, and 37 from a fifth-year field. These data indicate the scarcity of viable seeds in old fields during the first two years of abandonment and the great number present after broomsedge becomes established. Those few plants that do appear in first-year fields do not produce mature seeds until the fall of the second year, and since the seeds require a period of cold dormancy they are not ready to germinate until the following spring. Consequently the spring of the third year is the first time an abundance of seeds is present in old fields.
Neither products of living horseweed or aster, nor products of their decay inhibit the growth of broomsedge. Broomsedge plants did grow somewhat better in soil containing organic matter from horseweed tops, horseweed roots, and aster-tops, and decidedly better in soil containing aster roots than in soil containing little organic matter.
Some environmental conditions in third-year fields are favorable for the growth of broomsedge plants and others are unfavorable. The abundance of organic matter found in soils of third-year fields seems to be beneficial to the growth of broomsedge plants, but the reduced light is unfavorable. Because broomsedge plants are more drought-resistant than asters, they are able to compete successfully with the asters and other vegetation present in third-year fields. The environmental conditions influence the survival and growth of broomsedge plants in fields once they are there, but the initiation of broomsedge dominance in old fields is probably retarded largely by the lack of seeds, and this condition is not remedied until the few first invaders are old enough to produce the seeds necessary for a full stand. Ragweed seeds require a period of cold dormancy and do not germinate until the spring following their maturation. In the fields studied the largest and most vigorous plants were found in the first-year fields and especially in those where the density of other plants was low. Although the spring density of ragweed plants was highest in third-year fields, the mortality of seedlings was also highest and the plants never grew to be large. Although no tests were made as to the light and water requirements of ragweed, field observations suggest that it does not compete successfully with other dominants.
Ragweed dominated all first-year fields in which wheat had been planted the preceding fall. Wheat is planted in this region in October and early November. The plowing of soil in preparation for wheat planting destroys the young horseweed seedlings that germinate in the early fall months. The plants from the horseweed seeds that germinate after wheat is planted are not able to compete successfully with the full stand of winter wheat, and remain small or die. Ragweed germinates the following spring and passes through its young seedling stage under the protection of the wheat. When the wheat is harvested in early June, it is removed as a competitor, full sunlight is available for the ragweed, horseweeds and most other plants are absent, and ragweed assumes complete dominance.
Young asters are present in the ragweed fields and succession proceeds normally to asters the following year. Young asters are of approximately the same size in these fields as in horseweed dominated ones, which indicates that any fast growing species which shades asters and competes with them for water retards their growth.
One field from which sweet potatoes were harvested in late fall was dominated by ragweed the following year and another such field was dominated by horseweed. The sweet potato field that was followed by horseweed was adjacent to a large field dominated by horseweed. The number of horseweed seeds available from the adjacent field was high and those seeds germinated in late fall or early spring, to produce a full crop of horseweed plants against which ragweed seedlings failed in competition.
Another ragweed-dominated field had been fallplowed and planted in winter vetch with much the same results as fields with winter wheat.
Eroded edges and spots in fields otherwise dominated by horseweed are usually occupied by ragweeds. Horseweeds probably germinated in these areas the preceding fall, and although the flat rosettes of horseweed would have a tendency to keep the soil from being washed away from the roots, severe erosion could remove or cover up the entire plant. In areas which are swept clean of horseweed seedlings by winter rains, ragweeds germinate the following spring and grow to be fair sized plants without competition.
One extremely eroded field in which the corn crop of the preivous year had been last cultivated in June produced a pure stand of ragweed. Winter erosion had probably removed most of the horseweeds, asters, and other vegetation, and the spring-germinating ragweed grew without competition to be dominant in the field.
WHY ASTERS OCCASIONALLY SHARE DOMINANCE WITH HORSEWEEDS IN SOME FIELDS.
Fields that are last cultivated in early summer before all of the asters have germinated usually have a mixture of horseweeds and asters as dominants the following year. The asters germinate in early summer, the horseweeds in the fall, and both species live together over the winter and share dominance the following year. Such fields appear to have horseweed as the only dominant when it blooms in July and August since it is then taller than the numerous asters, but aster appears to be dominant in the late fall when its blooms are conspicuous and the dead horseweed stalks are less noticeable.
WHY ASTER OCCASIONALLY PERSISTS IN DOMINANCE
PAST THE SECOND YEAR.
Asters usually give way to broomsedge in the third year because the seedlings and older asters fail in their competition for light and water with the broomsedge and other vegetation. The reduced light probably affects the seedlings as much as the competition for water, but with old asters water is a more critical factor than the reduction of light. In fields where there is no shortage of soil water because of type of soil, local drainage, or amount of precipitation, the old asters grow at least as tall as broomsedge and do not die as soon as they do in the fields where available water is low. In such fields, however, aster seedlings of the second or third generations rarely grovw to maturity and the number and size of broomsedge plants increases within several years' time so that 'the old asters finally die, and the field is dominated by broomsedge.
THE EFFECT OF EROSION ON THE GENERAL TREND OF SUCCESSION.
Erosion seems to affect aster dominance in second-year fields more than it does any other part of the normal sequence of succession. Young asters live for a full year as small upright plants less than three inches tall. Many nearly dead asters of this size were observed in eroded fields, following heavy rains, with the soil partially washed ax ay from their root systems. Within a year's time few asters would escape one or more rains heavy enough to cause severe erosion in a field with some slope and no protecting terraces or cover crop.
Erosion causes some damage to horseweed, also, but to a smaller degree than to aster. Horseweed is a shorter-lived plant whose rosette form is somewhat soil binding. Horseweed passes through its younger Ecological Monographs Vol. 20, No. 3 stages at a time of year when precipitation is usually gradual rather than of the sudden storm type so common in the summer when asters are in their young stages.
Ragweed is common in eroded fields of both first and second years, because it seems to grow best where the competition of other plants has been removed in some way. Diodia is a small plant less than a foot high that often occupies eroded second-year fields. There were very few Diodia plants in any of the fields in the March counts, but it was present in fields in June, especially in eroded second-year fields. Some of these plants were present in third-year fields, but they rarely grew to be more than a few inches tall. This plant does not seem to be able to compete with other vegetation, and like ragweed is a short-lived summer annual that grows best when other vegetation is scant. For this reason it is commonly a dominant in eroded fields.
CAUSES OF SECONDARY SUcCESSION IN GENERAL
These partial answers to some of the questions concerning causes of secondary succession in old fields in the Piedmont of North Carolina should help in the understanding of causes of secondary succession in general. In his discussion of causes of succession Clements (1916) says that a plant or community reacts upon the environment in such a way that it may become less favorable to the organism responsible for the change and more favorable for other species. He says that a time ultimately comes when the reactions are more favorable to the occupants than to the invaders and that then the existing community becomes more or less permanent.
This study indicates that another important factor may enter into a particular sequence of dominant species in secondary succession. The peculiarities of the life cycles of these species, especially the time of year at which the seeds mature and germinate and the relation of the time of seed germination to the time at which secondary succession is initiated, often gives one species a decided advantage over another in becoming the invading dominant (Fig. 6) . Weaver & Clements (1938) emphasize the importance of adaptations which faciliate seed dispersal as a major cause in determining which species will first become established. This may be the reason why broomsedge is delayed in assuming dominance, but in the case of horseweed and aster, which seem to be equally abundant in this area and equally capable of migration, the time of seed maturity is the chief factor that determines the sequence of dominance.
One species does not always influence the environment in such a way that it is made more favorable for the next species in the successional sequence. Aster could definitely grow better without the influences exerted by horseweed and would probably assume dominance a year earlier than it does if horseweed or some other large annual were not present. There is some evidence that environmental conditions are more favorable for broomsedge after other plants have been growing in a field for several years so that the organic content of the soil increases, but this is not the chief reason why broomsedge is delayed in assuming dominance.
However, a species often makes its environment so unfavorable to itself that the species fails to survive. The influence of horseweed upon horseweed is the chief cause of the loss of dominance by the species. Aster influences its environment so that the survival and growth of seedlings of that species is so limited that the species can hold dominance only as long as the first generation of individuals can survive. The fact that broomsedge seedlings fail to make good growth in reduced light suggests that it, too, changes its environment so that conditions are unsuitable for reproduction. Went (1942) suggests that the occurrence of one plant may influence the presence of certain other plants through some unknown agent, presumably chemical. If this were true it would be possible for chemical products of one species to stimulate or inhibit the growth of that plant or of other species and thus partially determine the sequence of succession of dominants in succession. This may be true in some situations, but no evidence was found to indicate that products of living dominants influence the general trend of succession in old fields of the Piedmont. SUMMARY 1. The general trend of plant succession in abandoned fields of the Piedmont of North Carolina had been established before the beginning of this study. Crabgrass (Digitaria sanguinalis (L.) Scop.) is usually dominant in fields during the fall following their last cultivation for the season. Horseweed (Leptilon canadense L.) is usually dominant in firstyear fields, but is sometimes replaced by ragweed (Ambrosia elatior L.). Aster (Aster pilosus Willd.) usually is the dominant of second-year fields, with some exceptions where ragweed or Diodia teres Walt. replaces aster. Broomsedge (usually Andropogon virginicus L.) assumes dominance the third year, and maintains this dominance until it is replaced by pines a few years later.
2. The purpose of this study was to contribute to the knowledge of causes of succession in general by investigating the causes of early old field succession in the Piedmont of North Carolina. For this purpose certain problems concerning the major dominants of the first three years of succession-horseweed, aster, and broomsedge-needed to be solved. These problems involved the reasons why each species assumes dominance at a particular time and why each loses dominance at a definite later time. Questions concerning variations from the general trend needed to be answered.
3. Answers to these questions were sought in the life cycles and responses to environmental factors of the three dominant species. Life cycles were studied by means of experimental tests of seed germination, permanent quadrats in fields of different ages, surveys of numerous fields and by measurements of size of plants growing in different habitats. The responses of each species to variations in water and light, to substances produced by living plants, and to decay products of organic matter in the soil were tested in greenhouse experiments.
4. The studies of life histories and environmental factors yielded several pertinent facts for each species as follows: a. Horseweed seeds mature as early as August, and germinate with no dormant period in the late summer and fall. The plant lives over winter as a rosette, grows to maturity, blooms and dies by late summer of the following year. Horseweed is a drought-resistant species whose seedlings grow best in reduced light. Young horseweeds are stunted by decay products from horseweed roots and cannot compete satisfactorily with individuals of the same species or with other vegetation.
b. Aster seeds mature in the fall too late to germinate because of cool weather. They germinate the following spring and the seedlings grow to be about two to three inches tall the first year, live over winter, and bloom the following fall. The flower stalk dies and a basal rosette lives and produces another flower stalk the following year. Asters make their best growth with abundant water and light.
Asters grown in the greenhouse with abundant water and light bloomed the first season. Aster plants were stunted by decay products of horseweed roots, horseweed tops, and broomsedge tops, when they were grown in the greenhouse in soil containing those plant parts. Aster plants appearing after the first generation rarely survive and bloom in the field under natural conditions. e. Broomsedge seeds mature in the late fall and will not germinate without a period of cold dormancy. A few seedlings appear in old fields the first year of abandonment and do not produce seeds until the fall of the second year. Broomsedge seedlings are relatively drought-resistant and grow best in full sunlight, showing a definite chlorosis and reduced growth in shade. The survival of broomsedge plants of all ages in old fields is high and the species is able to compete successfully with the less drought-resistant asters. Broomsedge shows slightly better growth in soil containing organic matter, especially aster roots, than it does in soil with little organic matter.
5. The above generalizations can be used to explain to a large extent the causes of early old field succession in the Piedmont of North Carolina.
a. Horseweed usually assumes dominance in firstyear fields because its seeds are ready to germinate when much farm land is being cultivated for the last time in a season. The low light intensities of fall and winter, and the lack of competition by other plants in first-year fields are favorabk2 for the best growth of the species. Ragweed, a summer annual, may replace horseweed as the dominant of first-year fields if the normal crop of horseweed is eliminated by late fall plowing or by severe erosion.
Horseweed loses its dominance after the first year because it is stunted in the seedling stage by decay products from horseweed roots and also because it cannot compete successfully with the large number of individuals of the same species and with young asters which are abundant in second-year fields.
b. Asters are delayed in assuming dominance until the second year because the seeds do not germinate until the spring following maturity and although the seedlings do not die, they cannot make much growth in competition for light and water with the already established horseweeds. When the first crop of horseweed dies, competition is removed and asters make sufficient growth in spite of the inhibiting effects of decaying horseweed roots to be the dominant species of second-year fields.
Aster sometimes shares dominance with horseweed in first-year fields where the last cultivation of the scason takes place in the early summer before all the aster seeds have germinated.
Aster loses its dominance because the seedlings are intolerent of shade and cannot grow to maturity under the old asters, broomsedge and other vegetation, and because the first generation of asters cannot compete with the more drought-resistant broomsedge. Asters may hold dominance past the second year if,
